Macrophages are classified as proinflammatory M1 (classically activated) or anti-inflammatory M2 (alternatively activated), 1 but binary classification fails to distinguish macrophage expression profiles. 2 Tissue resident muscularis macrophages (MMs) in the gut muscularis externa modulate gut homeostasis including neuromuscular function. 3, 4 Through neuroimmune cross-talk, MMs may sense cues in the microenvironment from the microbiota or extrinsic sympathetic neurons and relay this information to enteric neurons. 3, 4 We showed that aging shifts the phenotype of MMs from an M2 to an M1 polarization state, which is associated with chronic, low-grade inflammation in the enteric nervous system and delayed intestinal transit. 5 The objective of this study was to evaluate whether alterations in gut microbiota contribute to age-related changes in MMs and gastrointestinal dysmotility.
To determine the effect of microbiota on MM phenotype, germ-free (GF) mice were colonized by co-housing with young (age, 2 mo) or old (age, 24 mo) mice ( Figure 1A ). 6 After 4 weeks, MMs were sorted from the colonized GF mice, termed GF young or GF old , and analyzed for RNA expression. MMs from GF old mice showed decreased expression of anti-inflammatory M2 markers, particularly found in inflammatory zone 1, C-type lectin domain family 10 member A, and interleukin 10 ( Figure 1B) , and increased expression of the proinflammatory M1 Figure 1 . Microbiota from old mice alters macrophage phenotype and causes delayed intestinal transit. (A) GF mice were co-housed with either young or old mice for 1 month before expression analysis was performed on sorted MMs. MMs from GF old mice showed reduced expression of anti-inflammatory M2 markers, particularly found in inflammatory zone 1 (FIZZ1), C-type lectin domain family 10 member A (CLEC10A), and interleukin 10 (IL10), (B) which were statistically significant, and (C) statistically significantly increased expression of TNFa compared with GF young . This change in phenotype corresponded to (D) increased levels of TNFa and (E) increased infiltration of CD45 þ leukocytes in muscularis. Data are representative of 3 independent experiments. (F) After antibiotic (Abx) treatment, FMT was performed on old mice with young or old stool. Whole-gut transit times (WGTTs) were measured at baseline (pre-Abx), before FMT (post-Abx), and after FMT. (G) A statistically significant reduction in transit times was observed in mice after FMT with young stool (FT young ) compared with before and after Abx treatment, which was not observed in mice transplanted with old stool (FT old ). Data are combined from 2 independent experiments. n ! 5 for each group. *P < .05, **P < .01, ***P < .005 by t test or 1-way analysis of variance, with the Bonferroni multiple comparisons test. Data are represented as means ± SD.
marker tumor necrosis factor a (TNFa) ( Figure 1C ). Increased TNFa also was detected in protein extract of muscularis externa ( Figure 1D ), which mirrors recent studies showing higher TNFa levels in plasma 6 and in ileum 7 of GF mice colonized with old mice microbiota. We also found increased leukocyte infiltration in the muscularis of GF old mice ( Figure 1E ), suggesting that factors in the old microbiota drives inflammation.
Next, we tested whether agedependent differences in the microbiota influence gastrointestinal (GI) motility. Old mice were pretreated with an antibiotic cocktail and then fecal microbiota transplantation (FMT) was performed by gavage of young or old mice stool. Whole-gut transit times were measured at baseline (pre-antibiotic treatment), before FMT (after antibiotic treatment), and after FMT ( Figure 1F ). FMT with young but not old stool resulted in a significant reduction in whole-gut transit times ( Figure 1G ). This suggests that in addition to altering MM phenotype, age-dependent factors in the microbiota affect gut motility.
Microbiota-mediated loss of barrier function is implicated in age-associated intestinal inflammation in Drosophila and mice, 6, 8, 9 and appears to be TNFadependent. 6 This suggests that microbial factors trigger an inflammatory response that presages disruption of barrier function. Bile acids (BAs) are a logical candidate because they are metabolized by the microbiota and known to modulate the immune response by signaling through host receptors. 10 By using targeted metabolomics, we found increased deconjugated BAs in fecal pellets from old mice (Supplementary Figure 1A) . Deconjugated primary BAs were increased in particular, showing a 20-fold increase compared with stool from young mice (Supplementary Figure 1B) . Similarly, stool from GF old mice contained increased deconjugated primary BAs, suggesting that the MM phenotype in our colonized GF mice is mediated through BAs (Supplementary Figure 1C) .
Takeda G-protein coupled receptor 5 (TGR5), also known as G-protein-coupled bile acid receptor 1, has been detected on human and mouse small intestinal macrophages 3, 11 by RNA sequencing and can modulate the macrophage immune response.
12 Tgr5 is differentially activated by various bile acids, 12, 13 with conjugated BAs leading to greater affinity and activation than deconjugated equivalents. 12, 14 We speculated that increased conjugated BAs in stool of young mice maintain an antiinflammatory phenotype in MMs through TGR5 signaling. To test this, we performed immunophenotyping of MMs from TGR5 knockout mice (tgr5-ko) and wild-type littermates (tgr5-wt) by flow cytometry. MMs from Figure 2 . TGR5 deficiency in MMs causes loss of M2 phenotype and delayed intestinal transit. (A) MMs from tgr5-ko mice showed statistically significantly decreased surface expression of M2 markers CD206 compared with tgr5-wt based on the mean fluorescence intensity (MFI) normalized to isotype controls. (B) Bone marrow chimeras were generated by injecting bone marrow from tgr5-ko or tgr5-wt mice into lethally irradiated tgr5-wt mice. Data are combined from 2 independent experiments. (C) Mice transplanted with bone marrow from tgr5-ko mice (KO/WT) showed statistically significantly delayed intestinal transit compared with those transplanted with wild-type bone marrow (WT/WT). Data are representative of 2 independent whole-gut transit time experiments. (D) Proposed model by which age-dependent changes in microbiota cause a shift from conjugated to deconjugated BAs, resulting in a loss of M2 phenotype in MMs and delayed intestinal transit. n ! 9 for each group. *P < .05 by t test.
tgr5-ko mice showed decreased surface expression of the M2 marker CD206 (Figure 2A ), suggesting that TGR5 deficiency results in loss of M2 phenotype.
Tgr5-ko mice have been reported to show delayed intestinal transit. 15 Because TGR5 is expressed in multiple cell types, 15 we asked whether altered MM phenotype caused by TGR5 deficiency contributes to disrupted intestinal motility. We generated bone marrow chimeras by transplanting bone marrow from tgr5-ko or tgr5-wt mice into lethally irradiated tgr5-wt mice ( Figure 2B ). KO/WT chimeric mice showed delayed intestinal transit compared with WT/WT ( Figure 2C ), suggesting that decreased BA signaling through TGR5 in MMs contributes to age-related disruption in motility. Based on our results, we propose the following model for how aging affects GI motility ( Figure 2D ). Age-dependent alterations in gut microbiota cause a shift from conjugated to deconjugated BAs. This change in the conjugation status results in diminished TGR5 signaling on MMs, contributing to loss of anti-inflammatory phenotype and delayed intestinal transit. Our findings also offer several mechanistic and potential therapeutic interventions that might be used in treating agerelated GI motility disorder. Further studies in human beings will be necessary to determine the clinical relevance. 
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Supplementary Materials and Methods
Animals
Male specific pathogen free C57BL/6 mice of different ages (2-3 mo and 18-24 mo) acquired from the NIA Aged Rodent Colony (Charles River Laboratories, Kingston, NY), GF and Gprotein-coupled bile acid reported 1 constitutive knockout in a C57BL/6 background (tgr5-ko) acquired from Taconic (Rensselaer, NY), and B6.SJL (CD45.1) acquired from Jackson Laboratory (Bar Harbor, ME), were used in experiments. Mice were housed in pathogen-free conditions and pathogen-free status was confirmed through constitutive monitoring of sentinel mice and specific testing of fecal samples for common mouse pathogens. All mice were housed in the same temperature-and humidity-controlled rooms with a 12-hour light:dark cycle and were maintained on ad libitum standard chow and water unless otherwise specified. For studies of the microbiota, to minimize cage effects, stool was sampled from either mice housed individually (old mice) or from individual animals from multiple cages. All animal experiments were approved by the Stanford University Institutional Animal Care and Use Committees.
Germ-Free Mice Microbiota Colonization
Six GF mice (age, 4 wk) were transferred to cages containing either 2-month-old or 24-month-old mice. The composition of each cage was 2 specific pathogen free mice and 3 GF mice. The mice were left undisturbed for 2 weeks and co-housed for a total of 4 weeks before fecal pellets were collected for analysis and tissue was harvested for flow cytometry (described later).
Tissue and Cell Preparation
Tissue was harvested as previously described. 1 Briefly, small intestine was removed, lavaged, and the muscularis externa was dissected and either freshly frozen in dry ice or enzymatically digested with collagenase and papain. Tissue was dissociated mechanically by gentle trituration and filtered through a 100-mm nylon mesh cell strainer.
Flow Cytometry
Flow cytometry was performed as previously described. 1 Briefly, dissociated cells were incubated with Zombie Aqua Viability (Biolegend, San Diego, CA) followed by blocking with 5% rat serum and mouse anti-CD16/CD32 (eBioscience, San Diego, CA) in Hank's balanced salt solution containing 2% bovine calf serum. Samples were incubated with the following anti-mouse primary antibodies or isotype control: Phycoerythrin (PE)-conjugated F4/80, PeridininChrolrophyll-protein (PerCP)/Cy5.5-conjugated CD45, Pacific Blueconjugated CD11c (Biolegend), PE/Cy7-conjugated CD3, PE/Cy7-conjugated CD19, Allophycocyanin (APC)-conjugated CD206, PE-conjugated isotype control, and APC-conjugated isotype control (all from Biolegend). Sorting was performed directly into TRIzol (Qiagen, Valencia, CA) using a BD FACS Aria (BD Bioscience, San Jose, CA). Analysis was performed using FlowJo Software (Tree Star, Inc, Ashland, OR). 
RNA Isolation and Quantitative
Measurement of TNFa in Tissue Extract
Protein extract was obtained by lysing tissue in Ripa buffer (Sigma-Aldrich, St. Louis, MO) supplemented with 1 mmol/L phenylmethylsulfonyl fluoride, protease inhibitor cocktail (1:100; Sigma-Aldrich), and phosphatase inhibitor cocktail 2 (1:100; SigmaAldrich). TNFa levels were assayed using mouse TNF-alpha enzyme-linked immunosorbent assay with high sensitivity (eBioscience) according to the manufacturer's instructions. Protein concentrations were normalized to total protein using the Pierce BCA Protein Assay Kit (Pierce, Rockford, IL).
Measurement of Gastrointestinal Transit Times
Carmine red (Sigma-Aldrich) was prepared as a 6% (wt/vol) solution in filter-sterilized 0.5% methyl cellulose (Sigma-Aldrich). During a 3-day acclimation period, mice were housed individually, placed on a steel rack for 1-3 h/d, and sham gavaged. After an overnight fast, mice were gavaged with 0.3 mL of the carmine solution between 09:00 and 09:30 local time and monitored every 15-30 minutes for the appearance of the first red fecal pellet. The time from gavage to the passage of the first red pellet was recorded as whole-gut transit time.
